Abstract. Accumulating evidence indicates that microRNAs are involved in multiple processes in cancer development and progression. microRNA-26a (miR-26a) has been identified as a tumor suppressor and its downregulation is associated with poor prognosis in several types of human cancer. However, the specific function of miR-26a in osteosarcoma remains unclear.
Introduction
Osteosarcoma, mainly arising from the metaphysis of the long bones, is the most common primary malignancy of bone in adolescents and young adults, with an estimated worldwide yearly incidence rate of 4 million (1,2). Despite current therapeutic strategies combining adjuvant chemotherapy, surgery and sometimes radiotherapy, the prognosis of osteosarcoma patients remains poor, since ~80% of patients eventually develop recurrent metastatic osteosarcoma following surgical treatment (3) , and the 5-year survival rate of these patients is only 50-60% (4) . Although recent developments in molecular biology have provided insight into the molecular mechanisms of osteosarcoma, the fundamental molecular mechanisms underlying metastasis in osteosarcoma have not been fully elucidated. Therefore, it is essential to identify metastasisassociated molecules as effective drug targets and to enhance the understanding of the mechanisms underlying the metastasis of osteosarcoma.
MicroRNAs (miRNAs) are small non-coding RNAs 18-25 nucleotides in length, transcribed from non-proteincoding genes or introns, which regulate gene expression through repressing translation and cleaving their target mRNAs by binding to complementary sites in their 3'-untranslated region (3'-UTR). It has been demonstrated that aberrant expression of miRNAs cause them to function as tumor suppressors or oncogenes according to the roles of their target genes (5, 6) . Particularly, miRNAs can regulate various cellular processes of tumor cells, including differentiation, progression, apoptosis, proliferation, migration and invasion (7) . To date, several human miRNAs such as miR-335, miR-145 and miR-128 have been shown to be dysregulated in osteosarcoma (7) (8) (9) , and contribute to the development and progression of osteosarcoma.
Emerging data reveal that microRNA-26a (miR-26a) is downregulated and may serve as a potential tumor suppressor in several distinct cancer types including nasopharyngeal carcinoma, breast cancer, thyroid anaplastic carcinomas and hepatocellular carcinoma (5, (10) (11) (12) (13) (14) . Importantly, miR-26a was found to be highly expressed in lymph node metastatic tumors as compared with primary tumors and enhanced lung cancer cell migration and invasion (15) . miR-26a can suppress cell differentiation, migration and invasion by targeting a number Downregulation of microRNA-26a is associated with metastatic potential and the poor prognosis of osteosarcoma patients QI-CHUN SONG  1 , ZHI-BIN SHI   1   , YONG-TAO ZHANG  1 , LE JI   1 of important genes such as SMAD1, MTDH, CDK6, CCNE1,  CCNE2 CCND2, PTEN, PB1, MAP3K2 and enhancer of zeste  homolog 2 (EZH2) (13, (15) (16) (17) (18) (19) (20) . However, the roles of miR-26a and its regulated targets in osteosarcoma have not yet been clarified.
In the present study, we investigated the potential function of miR-26a in the development and progression of osteosarcoma. We found that miR-26a expression was downregulated in the majority of osteosarcoma tissues, and downregulation of miR-26a was significantly associated with tumor recurrence, metastasis and poor prognosis in osteosarcoma patients. Moreover, in vitro assays showed that miR-26a was significantly associated with suppressed tumor invasion and metastasis of osteosarcoma cells by targeting its direct target EZH2. To the best of our knowledge, this is the first study to examine the expression and role of miR-26a in osteosarcoma prognosis and metastasis.
Materials and methods
Patients and tissue samples. The present study was approved by the Research Ethics Committee of Xi'an Jiaotong University. Written informed consent was obtained from all of the patients. All specimens were handled and made anonymous according to the ethical and legal standards. A total of 144 patients were enrolled in this study. Patients received curative resection for osteosarcoma at the Second Affiliated Hospital, Xi'an Jiaotong University (Xi'an, China) between 2001 and 2008. No patients had received blood transfusion, radiotherapy or chemotherapy prior to surgery. The clinicopathological information of these patients is documented in Table I . The follow-up information of all participants was updated every 3 months by telephone. The overall survival was defined as the time elapsed from surgery to death. Information regarding the death of patients was ascertained from their family. Patients were followed up after surgical treatment until July 2012, with a median follow-up of 83 months (range, 12-139 months). During the follow-up period, 65 patients (45.1%) died of disease. Distant metastases developed in 37 patients at a mean of 15.1 months (range, 4-39 months) after initial diagnosis. The median overall and disease-free survival of patients was 43 and 37 months, respectively.
Quantitative reverse transcriptase PCR (qRT-PCR) assay.
The expression of miR-26a in the osteosarcoma and corresponding non-cancer tissues was determined by qRT-PCR assay. Briefly, total RNA was extracted from the tissues using TRIzol reagent (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's protocol. miRNA expression levels were then quantitated using the TaqMan miRNA real-time RT-PCR kit (Applied Biosystems) according to the manufacturer's protocol. Data were analyzed using 7500 software v.2.0.1 (Applied Biosystems), with the automatic Ct setting for adapting baseline and threshold for Ct determination. The universal small nuclear RNA U6 (RNU6B) was used as an endogenous control for miRNAs. Each sample was examined in triplicate, and the amounts of PCR products produced were non-neoplasticized to RNU6B.
Cell culture. Human osteosarcoma cell lines MG-63 and U20S were obtained from the Cell Bank of the Chinese Academy of Sciences (Shanghai, China), where they were characterized by mycoplasma detection, DNA-fingerprinting, isozyme detection and cell vitality detection. They were cultured in Dulbecco's modified Eagle's medium (DMEM) (Invitrogen) supplemented with 10% fetal bovine serum (FBS) (HyClone, Logan, UT, USA) and cultured in a humidified incubator at 37˚C in 5% CO 2 .
In vitro migration and invasion assays. Cell migration and invasion capacities were assessed in vitro using Transwell migration assays (Millipore, Billerica, MA, USA). The osteosarcoma cells were transfected with miR-26a mimics, inhibitor or scramble for 48 h and suspended in DMEM with 10 g/l BSA at a density of 50 cells/ml. Then, cell suspensions (200 µl) were seeded into the upper chamber with a porous membrane coated with (for the Transwell invasion assay) or without (for the migration assay) Matrigel (BD Biosciences, San Diego, CA, USA). To attract the cells, 500 µl of DMEM with 10% serum was added to the bottom chamber. After allowing the cells to migrate for 24 h or to invade for 48 h, the penetrated Table Ⅰ . Association of miR-26a expression with the clinicopathological features of the osteosarcoma cases. cells on the filters were fixed in dried methanol and stained in 4 g/l crystal violet. The numbers of migrated or invasive cells were determined from five random fields using a microscope (Olympus) at x10 magnification.
Oligonucleotide transfection. miR-26a mimics and inhibitor were chemically synthesized by Shanghai GenePharma (Shanghai, China). When the cells achieved 80% confluence, miR-26a mimics or the inhibitor was transfected into the osteosarcoma cells with Lipofectamine 2000 (Invitrogen) according to the manufacturer's instructions. Cells were also transfected with a scramble oligonucleotide as a negative control (NC). The expression level of miR-26a in the transfected osteosarcoma cells was determined by qRT-PCR.
Luciferase reporter assay. Osteosarcoma cells were seeded into a 96-well plate at 60% confluence. After 24 h, cells were transfected with 120 ng of miR-26a expression vector or the negative control. Cells were transfected with 30 ng of wildtype (WT) or mutant (MT) 3'-UTR of EZH2 mRNA. Cells were collected 48 h after transfection, and the luciferase activity was measured using a dual-luciferase reporter assay system according to the manufacturer's protocol (Promega).
Western blotting. Cells were harvested in lysis buffer (50 mM NaCl, 50 mM EDTA, 1% Triton X-100) containing protease inhibitor cocktail (Roche, Indianapolis, IN, USA). The cell lysates (30 µg) were separated using 10% SDS-PAGE gels and then transferred onto nitrocellulose membranes (Millipore, Bedford, MA, USA). The membranes were blocked with 5% non-fat milk diluted in PBS for 2 h at room temperature before the addition of the appropriate primary antibody. The antibodies used in the present study included anti-EZH2 (1:1000; ab3748) and anti-β-actin (1:1,000; ab14128) (both from Abcam). The membranes were then washed with PBS containing 0.05% Tween and incubated with the appropriate HRP-conjugated secondary antibody (1:10,000; Abcam) for 1 h at room temperature. The bands were visualized using a chemiluminescence reagent (New England Nuclear, Boston, MA, USA).
Statistical analysis. Statistical analysis was performed using IBM SPSS statistical software (version 20.0). Survival curves were estimated using the Kaplan-Meier method, and distributions were evaluated by the log-rank test. Cox proportional hazard models of factors related to survival were used to calculate risk ratios (RRs) and identify the factors that affected survival. The differences in characteristics between two groups were examined by the χ 2 test and Fisher's exact test. All P-values were determined from 2-sided tests, and statistical significance was based on a P-value of 0.05.
Results

Downregulation of miR-26a is associated with metastasis
and recurrence of osteosarcoma. Expression of miR-26a was analyzed in 144 pairs of osteosarcoma and corresponding non-cancerous bone tissues by quantitative real-time polymerase chain reaction (qRT-PCR) and normalized against an endogenous control (U6 RNA). As shown in Fig. 1A , the expression level of miR-26a in the osteosarcoma tissues was found to be distinctly downregulated when compared to that in the non-cancerous bone tissues. Furthermore, in comparison to the non-metastatic osteosarcoma tissues, the miR-26a levels were significantly lower in the metastatic osteosarcoma tissues (Fig. 1B) . Moreover, miR-26a levels were decreased in the tumor tissues obtained from the patients who suffered osteosarcoma recurrence in comparison with patients who did not have tumor recurrence (Fig. 1C) . These data indicate that significant downregulation of miR-26a expression occurred in osteosarcoma and was correlated with osteosarcoma relapse and metastasis. To further evaluate the association of miR-26a with osteosarcoma metastasis, we analyzed miR-26a levels in human osteosarcoma cell lines, MG-63 and U20S, and human osteoblast cell line hFOB 1.19. Similarly, we found that expression of miR-26a was much lower in the osteosarcoma cell lines than that in the osteoblast cell line (Fig. 1D) . Collectively, the above findings suggest that loss of miR-26a expression is correlated with increased metastatic potential of osteosarcoma cells.
Downregulation of miR-26a is associated with advanced clinicopathological features of osteosarcoma.
To determine the clinical significance of miR-26a in osteosarcoma, we analyzed the association of miR-26a expression with various clinicopathological parameters of osteosarcoma tissues. The median miR-26a expression level in all 144 patients with osteosarcoma was 3.37. The patients were divided into two groups according to their expression levels of miR-26a, using the median level as a cut off: the high miR-26a expression group (n=81) and the low miR-26a expression group (n=63). As shown in Table I , miR-26a was significantly downregulated in osteosarcoma patients with advanced clinical stage (P=0.043) and positive distant metastasis (P=0.004). Taking into consideration the relationship between miR-26a expression and the response to chemotherapy, we found that patients with low miR-26a had a poorer response to chemotherapy than those with high miR-26a expression (P=0.044), whereas, miR-26a expression was not significantly correlated with gender, age, tumor size, anatomic location or alkaline phosphatase level.
Downregulation of miR-26a is associated with poor prognosis in patients with osteosarcoma.
To determine the prognostic value of miR-26a expression in osteosarcoma, we analyzed the relationship between the miR-26a expression and clinical outcome. The relationship between miR-26a expression and overall survival or disease-free survival was investigated using Kaplan-Meier analysis and log-rank test. A statistically significant difference in overall survival and disease-free survival was found between the high miR-26a expression group and the low miR-26a expression group ( Fig. 2A and B ; log-rank test, P=0.0009 and P<0.0001, respectively). The patients with low miR-26a expression tended to have a shorter overall and disease-free survival time when compared to patients with high miR-26a expression. In the multivariate analysis, we found that low miR-26a expression was associated with a decreased overall and disease-free survival. The adjusted risk ration (RR) was 5.724 (95% CI, 1.008-10.991; P= 0.007) and 3.972 (95% CI, 1.191-9.871; P=0.014), respectively, indicating that the expression of miR-26a may be a prognostic factor for overall and disease-free survival independent of these adjusted clinicopathologic characteristics (Table II) .
miR-26a reduces the migration and invasion of osteosarcoma cells.
As patients with recurrent metastatic osteosarcoma present with a poor outcome and based on our previous results indicating that miR-26a is significantly associated with disease-free survival and prognosis, we aimed to ascertain whether miR-26a affects the cell migration and invasion of osteosarcoma cells. To confirm the effect of miR-26a on cell migration and invasion, MG-63 and U2OS cells were transiently transfected with miR-26a mimics or the miR-26a inhibitor, respectively. As expected, transfection of miR-26a mimics or the miR-26a inhibitor resulted in an increase and decrease, respectively, in miR-26a expression when compared to the negative control ( Fig. 3A and B) . Moreover, the results of the migration and invasion assays revealed that miR-26a restoration resulted in reduced migration and invasion of MGG-63 and U2OS cells when compare to the control, whereas, antimiR-26a promoted cell migration and invasion (Fig. 3C-F) . These results indicate that miR-26a functions as a tumor suppressor miRNA and contributes to the inhibition of migration and invasion of osteosarcoma cells.
EZH2 is a direct target of miR-26a in osteosarcoma cells.
To elucidate the mechanism of inhibition involved in the migration and invasion in human osteosarcoma by miR-26a, we searched for candidate genes for miR-26a using publicly available databases, including TargetScan, PicTar and miRanda. EZH2 was selected for further experimental validation, since the complementary sequence of miR-26a was identified in the 3'-UTR of EZH2 mRNA by miRanda analysis (Fig. 4A) . To further confirm EZH2 as a target gene for miR-26a, qRT-PCR and western blot analysis were used to detect the expression of EZH2 which was regulated by miR-26a in the MG-63 and U2OS cells. The expression of EZH2 was significantly downregulated after overexpression of miR-26a at the mRNA and protein levels in the osteosarcoma cells (Fig. 4B and C) . Furthermore, we assessed the significance of the miR-26a and EZH2 correlation in osteosarcoma tissues. We determined the EZH2 mRNA and miR-26a expression in the same osteosarcoma specimens by qRT-PCR. As shown in Fig. 4D , a statistically significant inverse correlation was revealed by Spearman's correlation analysis between mRNA levels of miR-26a and EZH2 (r=-0.969; P<0.001). Taken together, our results suggest that miR-26a negatively regulates the expression of its target gene EZH2. We further performed a luciferase reporter assay to verify whether miR-26a directly targets the 3'-UTR of EZH2 in osteosarcoma cells. The target sequence of EZH2 3'-UTR (WT 3'-UTR) or the mutant sequence (MT 3'-UTR) was cloned into a luciferase reporter vector (Fig. 4A) . MG-63 and U2OS cells were then transfected with the WT or MT 3'-UTR vector and the miR-26a mimic. As shown in Fig. 4E , a significant decrease in luciferase activity was noted between the EZH2 WT 3'-UTR group and the negative control group (P<0.05). The repressive effect was abrogated by point mutation in the core binding sites of the EZH2 3'-UTR. A similar trend was also found in the U2OS cells (Fig. 4F) . These results indicate that miR-26a exerts an inhibitory effect on EZH2 expression via interaction with the 3'-UTR of EZH2 in osteosarcoma cells.
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Discussion
Metastasis is a major concern in the clinical treatment of osteosarcoma. The cure rate of osteosarcoma is ~65% for localized osteosarcoma patients, whereas for patients presenting with metastases at the time of diagnosis, the survival rate is 25% (21, 22) . Several miRNAs have been reported to modulate tumor metastasis (23) including osteosarcoma (9) . However, research concerning the aberrant expression and function of miRNAs in the progression and metastasis of osteosarcoma is still in its infancy.
In the present study, we demonstrated that miR-26a was weakly expressed in the osteosarcoma tissues when compared with that in the in non-cancerous bone tissues. The decreased expression of miR-26a in osteosarcoma tissues was also found to be significantly associated with adverse clinicopathological features. Moreover, we demonstrated that the miR-26a expression level was also predictive of disease progression and cancer-specific death. Our results showed that the patients with weak miR-26a expression had a significantly higher risk of cancer progression, cancer-specific death and shorter disease-free and overall survival time. Multivariate analysis demonstrated that low expression of miR-26a was a statistically significant risk factor affecting both disease-free survival and overall survival in osteosarcoma patients, which indicated that miR-26a expression may be an independent predictor of osteosarcoma progression and prognosis. The results provide initial evidence supporting miR-26a as a predictor of poor prognosis in osteosarcoma carcinoma.
To reveal the role of miR-26a in osteosarcoma cells, we assessed the effect of miR-26a on cell migration and invasion. Our results showed that miR-26a inhibited cell migration and invasion. Thus, miR-26a may be a novel tumor suppressor and may play an important role in the regulation of tumor metastasis of osteosarcoma. Next, we found the following evidence that miR-26a inhibits tumor metastasis in part by suppressing EZH2. (i) miRanda analysis showed that the 3'-UTR region of EZH2 mRNA contained the complementary sequence of miR-26a (Fig. 4A). (ii) Upregulation of miR-26a significantly reduced EZH2 expression at the mRNA and protein levels in osteosarcoma cells (Fig. 4B and C) . (iii) The mRNA levels of miR-26a were inversely correlated with EZH2 levels in osteosarcoma tissues (Fig. 4D) . (iv) Overexpression of miR-26a decreased the luciferase reporter activity of WT 3'-UTR but not MT 3'-UTR of EZH2 (Fig. 4E and F) . These data support EZH2 as a downstream mediator of miR-26a function in osteosarcoma.
Downregulated miR-26a was reported to play an important role in the progression of tumor, and miR-26a functions as a potential tumor suppressor in several distinct cancer types (5,10,13,14,24), but not including osteosarcoma. The underlying mechanisms responsible for the low expression of miR-26a in tumors have been investigated by several groups. Cellular homologue of avian myelocytomatosis virus oncogene (MYC) was reported to regulate miR-26a expression in thyroid anaplastic carcinoma and Burkitt's lymphoma (19, 24, 25) . In addition, miR-26a was shown to be a tumor suppressor and may cause the inhibition of the precancerous molecule EZH2 in many types of cancer (26, 27) . However the relationship between miR-26a and EZH2 in the tumorigenesis of human osteosarcoma has not been proven. Our study found that EZH2 is closely related to the expression of miR26a which may inhibit the metastasis of osteosarcoma cells. These results suggest that miR-26a regulates the process of metastasis and invasion by downregulating EZH2.
EZH2 which belongs to the family of polycomb group (PcG) proteins inhibits gene transcription through histone methylation (19) and plays a master regulatory role in many important cellular processes (28) . Mounting evidence has shown that EZH2 is overexpressed in multiple cancer types and is associated with tumor invasive growth and aggressive clinical behavior, in prostate, renal, lung and breast cancer (29) (30) (31) (32) .
Moreover, EZH2 has been proven to enhance cell metastasis and neoplastic transformation (29, (33) (34) (35) . Consistent with our results, a previous study found that expression of EZH2 at the protein level was upregulated in osteosarcoma patient biopsy specimens when compare to normal bone, yet they also found that knockdown of EZH2 did not prevent osteosarcoma growth in vitro and in vivo (36) . The discrepancies between this study and our research may be due to the different osteosarcoma cell lines selected by each study and the different focus on the functions of EZH2. In the previous study, the authors wanted to investigate the effect of EZH2 on osteosarcoma cell proliferation, while in our study, we aimed to prove that EZH2 was a downstream target of miR-26a. We did confirm that miR-26a affects the capacity of metastasis of osteosarcoma cells, thus EZH2 should have an effect on cell migration and invasion of osteosarcoma cells. Metastasis is the most important factor affecting the prognosis and progression of osteosarcoma. Thus, we suggest that overexpression of EZH2 in osteosarcoma holds significant promise for the advancement of cancer therapy, either in terms of improving diagnosis or predicting prognosis. Considering that EZH2 overexpression has been proven to be associated with poor prognosis in both metastatic breast and prostate cancer (29, 33) as well as in our research results, we believe that miR-26a plays an important role in the process of metastasis of osteosarcoma, and EZH2 is also involved in this process. The role of miR-26a and EZH2 in the proliferation of osteosarcoma warrants further detailed experiments with a higher number of samples.
In conclusion, our results demonstrate that miR-26a is downregulated in osteosarcoma, and reduced expression of miR-26a more frequently occurs in osteosarcoma tissues with adverse clinical stage and the presence of distant metastasis. Multivariate survival analyses demonstrated that loss of miR-26a is an independent prognostic factor for both diseasefree and overall survival in osteosarcoma. In addition, miR-26a inhibited the invasion and migration of osteosarcoma cells, and miR-26a directly inhibited EZH2 expression by targeting its 3'-UTR. Moreover, EZH2 was upregulated and inversely correlated with miR-26a in the osteosarcoma tissue samples. For the first time, the current data offer convincing evidence that the downregulation of miR-26a may be associated with tumor aggressiveness and tumor metastasis of osteosarcoma, and that miR-26a is an independent prognostic predictor for osteosarcoma patients. Our data suggest an important role for miR-26a in the molecular etiology of human osteosarcoma and implicate the potential application of miR-26a in the therapy of osteosarcoma.
